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Introduction
Owing to the increasing demand of sustainable alternatives to the environmentally troublesome fossil fuels extensively used nowadays, direct methanol fuel cells (DMFCs) have attracted significant attention over the last years as an efficient portable power source for electronic devices [1, 2] . This interest is due to the easy transport, storage and manipulation of liquid fuels, as well as to the high energy conversion efficiency and low operation temperature and pollutant emission associated to DMFCs [3, 4] . On the other hand, DMFCs suffer from two remarkable disadvantages: (1) methanol crossover in the electrolyte membranes from the anode to the cathode and (2) sluggish kinetics of the methanol oxidation reaction (MOR) [5] [6] [7] . To address the former issue, a lot of effort has been focused on the development of new proton and anion exchange membranes [8, 9] . To mitigate the latter limitation, a common strategy involves the use of suitable electrocatalysts to overcome the activation barrier associated to the MOR. In this regard, it is well known that Pt is the most active metal electrocatalyst [10] [11] [12] , but other metals (e.g., Pd, Ni, Co or Cu) and metal alloys are also explored because of their lower cost and better tolerance to poisoning by CO [13] [14] [15] [16] . In addition to the electrocatalyst itself, proper selection of a good support material is a critical issue, due to its potential influence on the size, distribution and morphology of the metal component. For application in DMFCs, ideal supports must have a large surface area, high conductivity and should be able to anchor and stabilize ultrafine metal nanoparticles (NPs), avoiding their aggregation.
Carbon materials, such as carbon nanotubes [17] , carbon black [18] , ordered mesoporous carbon [19] , carbon nanofibers [20] and graphene [21] , have emerged over the last years as suitable supports for metal NPs towards fuel cell applications. In particular, graphene exhibits a unique two-dimensional honeycomb atomic structure with large surface area, structural, mechanical and thermal stability as well as high charge carrier mobility and electrical conductivity [22, 23] . These attractive features make graphene an excellent support for metal NPs, with a potential to enhance their electrocatalytic activity. Currently, the most common route to synthesize metal and other NPs onto graphene materials as supports takes advantage of the peculiar characteristics of a well-known derivative of graphene, i.e. graphene oxide (GO). GO boasts good dispersibility in water and some organic solvents, which facilitates the deployment of wet colloidal NP preparation methods, and is also extensively decorated with oxygen functional groups, which serve as tight anchoring sites for the nucleation and growth of the NPs [21,24-,25,26] .
However, the use of GO-based or reduced graphene oxide (RGO)-based supports in electrocatalytic applications has also significant drawbacks. For instance, the presence of oxygen functional groups, which cannot be completely removed by the usual reduction approaches, degrades the electrical conductivity of the carbon lattice and compromises its stability under the harsh electrochemical conditions of fuel cells [27] .
Therefore, finding alternative graphene materials that can escape the limitations of GO but exhibit at the same time its main attractions would be highly desirable. Pristine graphene flakes and sheets are in principle an obvious option in this regard, because their oxide-free nature endows them with high electrical conductivity and chemical/electrochemical stability. Indeed, a few recent studies have focused on metal NP-pristine graphene systems as electrocatalysts for alcohol fuel cells [28] [29] [30] [31] [32] [33] . Such studies relied either on graphene layers synthesized by chemical vapor deposition (CVD) [28, [31] [32] [33] or on flakes obtained by direct, ultrasound-assisted exfoliation of graphite powder in organic solvents, such as N-methyl-2-pyrrolidone (NMP) [29, 30] .
Nevertheless, the use of these specific types of pristine graphene is not without its disadvantages. For example, the synthesis of CVD graphene is a relatively complex process that requires high temperatures, whereas NMP is a high boiling point and noninnocuous solvent that encumbers further processing of the exfoliated graphene flakes (in this regard, production/processing in water would be clearly preferable). More generally, the absence (or very low density) of chemical groups and defects in pristine graphene materials makes their uniform decoration with firmly anchored NPs harder to attain. Thus, the deployment of simpler and safer methodologies towards the production of efficient pristine graphene-metal NP electrocatalysts for MOR is still in great demand.
A solution to the mentioned limitations of pristine graphene-supported electrocatalysts could be based on the use of certain amphiphilic molecules with the ability to strongly adsorb onto graphene and play a dual role: (1) they would act as colloidal stabilizers to afford the production and processing of pristine graphene flakes in aqueous medium and (2) they would serve as anchoring sites to allow extensive and 
Experimental section
Unless otherwise specified, all the chemicals and starting materials used in this work were supplied by Sigma-Aldrich Chemistry.
Preparation of FMN-stabilized pristine graphene and graphene-metal NP hybrids
A schematic of the production protocol of the pristine graphene-metal NP hybrids is given in Fig. 1 .First of all, dispersions of graphene stabilized by FMN were prepared as described elsewhere [34] . Briefly, a mixture of natural graphite powder and FMN at a concentration of 30 mg mL -1 and 1 mg mL -1 in Milli-Q water, respectively, was respectively. In all cases, the dispersions were purified by two cycles of sedimentation and resuspension in milli-Q water to obtain the final graphene-metal NP hybrid dispersions.
Characterization
The FMN-stabilized graphene dispersion was characterized spectroscopically by UVvis absorption spectroscopy, Raman spectroscopy, and X-ray photoelectron ICP-MS analyses of the graphene−metal NP hybrids were performed with a 7500ce (Agilent) instrument equipped with an octopole collision/reaction cell to destroy interfering ions. Prior to analysis, the hybrids were subjected to microwave-assisted acid digestion.
Electrochemical measurements
The electrochemical characterization of the electrodes was carried out in an Autolab PGSTAT302 potentiostat (Metrohm, Netherlands) using a conventional three-electrode cell configuration. The working electrode consisted of glassy carbon electrodes (GCEs) modified with the graphene-metal NP hybrids, while a platinum wire was used as the counter electrode. Ag/AgCl/3M KCl electrode was employed as the reference electrode in measurements using acid electrolyte, while a saturated calomel electrode (SCE) was used for measurements in basic electrolyte. All the potentials reported in this work were exhibited lateral sizes around 100 to 500 nm, with a thickness mostly (75% of the flakes) between 1 to 5 monolayers [34] . The Raman spectrum of the exfoliated material was typical of graphitic materials with high structural order (Fig. 2E) . Indeed, the firstorder spectrum was dominated by the G band (1582 cm -1 ), which is the only band present in crystalline graphite, while the D (1348 cm -1 ) and D´ (1620 cm -1 ) bands, which are related to the presence of structural disorder [37] [38] [39] , displayed relatively low intensities. The ratio of the intensities of D and G bands, ID/IG, which is indicative of the degree of structural disorder in graphite/graphene structures, was ~0.17 for the FMNexfoliated material, which was a value similar to or lower than those reported in the literature for other high quality pristine graphene sheets exfoliated with the aid of surfactants [39] [40] [41] [42] [43] [44] [45] . The high resolution C1s XPS spectrum of the exfoliated sample (Fig. 2F) was typical of pristine graphitic materials. The mass ratio of FMN relative to graphene (~0.04) was calculated from the relative amounts of phosphorous and carbon detected in the survey XPS spectrum (not shown) [34] . Such a ratio was one order of magnitude lower than those reported in the literature for other efficient surfactants for the colloidal dispersion of graphene in aqueous media [40] [41] [42] [43] [44] [45] [46] [47] , which is clearly an advantage given that the presence of surfactants or other stabilizing agents can affect negatively the electrical and catalytic properties of the nanosheets [48] [49] [50] [51] . Indeed, the conductivity of the FMN-exfoliated graphene films (52 000 S m -1 ) [34] was much higher than that of other as-prepared graphene films obtained from surfactant-stabilized dispersions in water.
Pristine graphene-metal NP hybrids were prepared by mixing FMN-exfoliated graphene dispersions with appropriate metal precursor salts followed by reduction with a proper reducing agent (see Experimental Section for details). TEM images confirmed the decoration of the graphene flakes with NPs (Figs. 3A-D) . The fact that no standalone NPs (i. e., physically separated from the graphene flakes) were detected implies that the NPs grew exclusively on the nanosheets, which suggests that the NPs were efficiently anchored onto the graphene support. The NPs were well dispersed, without detection of large aggregates. This implies that the otherwise inert basal plane of pristine graphene was rendered efficient for NP anchoring by the presence of strongly adsorbed FMN molecules. Thus, the simple preparation method of pristine graphene facilitated by FMN described here provides efficient and abundant anchoring sites for growing metal NPs on the flakes without the need of harsh chemicals or sophisticated synthesis protocols involved in the preparation of other graphene-based catalysts, e. g., those using GO and RGO. The amount of metal precursor salts was optimized in every case to obtain a significant but not too high density of metal NPs on the surface. Lower concentrations of precursor salts than the ones finally chosen (see Experimental Section) yielded correspondingly lower numbers of NPs, while significantly higher starting concentrations led to very high densities of NPs on the surface, which was even detrimental to the colloidal stability of the nanosheets.
Figs. 3E and F show NP size distributions for graphene-Pt NP and graphene-Pd NP(1) hybrids, respectively. The average NP size is 4±1 nm for the graphene-Pt NP hybrid, 13±4 nm for the graphene-Pd NP(1) hybrid, and 9±3 nm the graphene-Pd NP(2) hybrid. XPS analyses confirmed that Pt and Pd were in metallic form, as intended.
Indeed, the high resolution Pt 4f core level spectrum of the graphene-Pt NP hybrid ( Fig.   3G ) and the Pd 3d spectrum of graphene-Pd NP(1) (Fig 3H) revealed the presence of It is noteworthy that the increased concentrations of precursor salts tested during the optimization of the amount of metal precursor salt did not lead to larger metal NP sizes, but rather to a higher density of NPs, as mentioned above. In fact, no agglomeration of the metal NPs was observed on the surface, even at the highest precursor concentrations tested, which points to the existence of a strong interaction between the NPs and the graphene nanosheets. We believe that such interaction comes from both the strong adsorption of FMN onto the graphene surface via - interactions and the effective interaction of the metal with the phosphate groups and/or the hydroxyl groups in the ribitol moieties. Thus, owing to the strong adsorption of FMN, efficient and homogeneous anchoring sites are generated for the growth of metal NPs. Thus, while pristine graphene displays an inert surface with no functional groups or defects that could act as anchoring sites, FMN-stabilized graphene offers an abundance of anchoring sites. In comparison with GO or RGO, FMN-stabilized graphene could offer higher uniformity both in the spatial distribution and in the chemical nature of the anchoring sites, which would be expected to result in a better dispersion of the NPs on the nanosheets.
Electrocatalytic activity of the graphene-metal NP hybrids towards MOR
To (1) hybrids, the reduction peak associated to platinum and palladium oxide increased when the potential range was opened ( Fig. 4A and B) , while the hydrogen adsorptiondesorption peaks became slightly more defined. However, the stability of the graphenePd NP(2) hybrid was lower (Fig. 4C) , and the redox processes associated to hydrogen adsorption-desorption decreased when the potential was increased. The electrochemical behavior of these hybrids was also assessed in alkaline electrolyte, (Fig. 4D) . All the obtained voltammetric profiles were consistent with those of polycrystalline Pt and Pd.
The ECSA of these hybrids was determined from the voltamograms recorded in alkaline media ( Fig. 4D ) and compiled in Table 1 . The ECSA of the graphene-Pt NP hybrid was evaluated between 0.1 V and 0.45 V, being 49.2 m 2 g -1 , while in the case of Pdsupported electrocatalysts, the reduction of palladium oxide has been used. In these cases, the ECSA values obtained for the graphene-Pd NP (1) and (2) hybrids were 24.6 and 26.3 m 2 g -1 , respectively. The larger ECSA value of the graphene-Pt NP hybrid might be related to its smaller particle size, as seen by TEM (Fig. 3E) . However, no clear relationship is found between ECSA and particle size in the case of the graphenePd NP hybrids. We have estimated the geometrical surface area (GSA, m 2 g -1 ) of Pt and Pd in these samples, by assuming that the metal NPs were spherical and calculating the average surface with the diameter measured by TEM ( Table 1 ). The electrocatalytic utilization of metal is higher for the Pt (79%) and Pd NP(1) (66%) hybrids, being lower for the Pd NP(2) hybrid (40%).The ECSA values of these graphene-metal NP hybrids were in the range of those reported in the literature for Pt-and Pd-based catalysts supported on pristine graphene [28] [29] [30] [31] [32] or graphene-related materials, such as RGO [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . It is noteworthy that the simple preparation method described here yields graphene-metal NP hybrids with acceptable ECSAs without the need of harsh chemicals or sophisticated synthesis protocols involved in the preparation of other graphene-based catalysts [62] . showed much lower catalytic activity compared to that of the graphene-Pt NP hybrid (results not shown). In the case of the graphene-Pt NP hybrid, the onset potential for methanol oxidation was observed to be located at 0.40 V, and the oxidation forward and reverse peaks of methanol were located at 0.87 and 0.66 V, respectively. The graphenePt NP hybrid exhibited a forward peak current (jF H2SO4 on Table 1 ) of 1141 A g -1 , which is similar to the highest values that have been reported for RGO-Pt NP catalysts [52] [53] [54] 58, 63, 64] , and it was higher than those achieved using pristine graphene as support [31] [32] [33] and comparable to those achieved using bi-and tri-metallic NPs over pristine graphene [29] . The forward oxidation current to reverse current ratio (IF/IB on Table 1) describes the catalyst tolerance to CO-like intermediates that are formed on the surface of the catalyst during the forward CV sweep [10] . This ratio was around 1.00 for the pristine graphene-Pt NP hybrid in acidic medium, being lower than the value attained on RGO-based electrocatalysts, where the presence of surface oxygen functionalities promoted the complete oxidation of methanol to CO2. However, the CO tolerance of the reported graphene-Pt NP catalyst was superior to that shown by other electrocatalysts prepared using pristine graphene as the carbon support [31] [32] [33] , and similar to that seen for ultrafine Pt NPs on pristine graphene prepared by a supercritical CO2 route [29] .
The kinetics of MOR was more favorable in alkaline medium, which can render metals other than Pt (e. g., Pd) cost-effective as electrocatalysts [56] . Furthermore, the problems that traditionally hampered its applicability, such as carbonation of the electrolyte or the lack of high performance anion-exchange membranes have been already overcome [65] . Here, to explore the applicability of the pristine graphene-metal M KOH as shown in Fig. 5B-D . The onset potential for the graphene-Pt NP catalyst was 0.45 V, being lower than that shown by catalysts based on Pd NPs (0.57 V). The same differences were observed when the maximum of the forward oxidation current peak was considered (0.89 vs 0.80 V). The forward oxidation current of the pristine graphene-Pt NP hybrid was similar to the one recorded in acidic medium (Table 1) , while as anticipated, the graphene-Pd NP hybrids displayed a much higher catalytic activity in alkaline medium than they did in acidic medium, with the best results being achieved for the graphene-Pd NP(2) sample (forward oxidation specific currents 154
and 201 A g -1 for the graphene-Pd NP(1) and the graphene-Pd NP(2) hybrids, respectively). The catalytic activity obtained with the graphene-Pt NP hybrid was between five to seven times higher than those achieved with the graphene-Pd NP hybrids. Moreover, when the specific currents were normalized using the respective ECSA of each hybrid, the activity was seen to be enhanced in the case of the graphenePt NP hybrid (24.0 A m -2 for the graphene-Pt NP hybrid vs 6.3 and 7.6 A m -2 for the graphene-Pd NP(1) and the graphene-Pd NP(2) hybrids, respectively). It should be highlighted that the CO tolerance (as represented by the IF/IB parameter) was greatly improved in alkaline media, which is an already known feature that is based on the different MOR mechanisms [65, 66] . Interestingly, the graphene-Pd NP(2) hybrid had a higher IF/IB ratio than the graphene-Pt NP hybrid (~4.9 vs 4.0, respectively; Table 1 ).
Indeed, it has been demonstrated that Pd-containing electrocatalysts exhibit superior performance than that of Pt-based electrocatalysts in terms of poisoning resistance, which seems to be connected to the lower formation of CO-like species when Pd is used as the active phase [67] .
To further verify the durability of these catalysts, potentiostatic chronoamperometry experiments were carried out in 0.1 M KOH, as shown in Fig. 6 . As expected, a decay of the current density was found for all the catalysts due to formation of intermediate carbon-containing species during the oxidation of methanol. The most rapid initial decay was observed for the graphene-Pd NP(1) catalyst. In contrast with the IF/IB ratio previously reported, the lowest rate of decay was found for the Pt-based catalyst.
Current retentions of 23, 5 and 2 % were measured after 30 min for the graphene-Pt NP, graphene-Pd NP(1) and graphene-Pd NP(2) catalysts, respectively. The specific current retained by the graphene-Pt NP hybrid after 30 minutes was in most cases higher than or at least amongst the highest of those recorded for similar catalysts reported in the literature [54, 63, 64] . However, it is important to note that most of the mentioned graphene-Pt NP catalytic stability tests were conducted in acidic media.
Thus, the performance of the prepared pristine graphene-Pt NP hybrid as electrocatalyst in the MOR was found to be superior to that of previous Pt catalysts that used pristine graphene supports, on account of its good CO tolerance and stability as well as higher catalytic activity.
Conclusions
The performance of pristine graphene-metal NP hybrids (prepared from FMNstabilized aqueous colloidal graphene dispersions) as electrocatalysts for the MOR has been investigated both in acidic and in basic media. Amongst the different graphenemetal NP hybrids prepared in this work, a graphene-Pt NP hybrid was found to be a particularly attractive electrocatalyst for MOR in terms of catalytic activity, stability and CO tolerance. In fact, this graphene-Pt NP material outperformed most of Pt NP-based electrocatalysts reported in the literature using RGO or pristine graphene as a support.
Overall, these electrochemical studies confirm that exfoliation of pristine graphene using FMN as stabilizer is a suitable method for accessing a metal NP support that can deliver enhanced catalytic performance to the final electrocatalyst. This simple, environmentally-friendly preparation method avoids the use of harsh chemicals or complex synthetic routes involved in the preparation of other graphene-supported catalysts. 
